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Introduction
Distributed feedback (DFB) lasers have achieved commercial success in terms of supplying a stable single laser for wavelength-division multiplexing networks. However, they require multiple epitaxial regrowth steps, which increase the cost and add complexity to the fabrication process. Thus, surface-grating distributed Bragg reflector (DBR) lasers and laterally coupled DFB lasers fabricated using only a single epitaxial growth step have received considerable attention. [1] [2] [3] [4] [5] [6] [7] [8] However, they still require high-resolution lithography, such as electron beam (e-beam) or high-resolution holographic lithography, which adds to both process time and fabrication expense.
Regrowth-free semiconductors lasers that use standard contact UV lithography have been a subject of growing interest due to their potential to dramatically reduce the overall photonic components cost. These lasers achieve single-mode operation using various approaches, such as coupled cavities 9, 10 and multiple semiconductor ring lasers, 11, 12 or exploit mini reflections from index perturbation to create subcavities, such as slotted Fabry-Perot (SFP) lasers. [13] [14] [15] They provide a high side-mode suppression ratio (SMSR) that can exceed 40 dB, a wide tuning range covering the C + L bands, fine tuning step <21 pm∕mA, 16 and output power over 25 mW. 14 Moreover, in addition to their relatively simple fabrication process, they provide a narrow linewidth that has become a necessity for high spectral density, coherent optical communications. 17, 18 This low linewidth is generated without the need of an external cavity, 19 complicated feedback system, 20 or dramatic increase in the cavity length as is typically required for DFB lasers to bring the linewidth down from a few MHz to the kHz regime. It is clear that there is a growing need for low-cost, compact, and narrow linewidth lasers that can be used in monolithic integration with other optical and optoelectronics components, such as modulators, amplifiers, and photodiodes. 14, [21] [22] [23] In this paper, we demonstrate a regrowth-free higher order DBR laser process that does not require high-resolution photolithography. Mode selectivity is attained using a compact mirror with a length of 170 μm consisting of 1 μm × 1 μm deeply etched and closely spaced pits. 24 A small pit spacing was used to ensure a large (60 nm) free spectral range, which ensured that the laser operated in a narrow wavelength region (1 nm) over a large range of temperature and bias current. The laser achieves a single mode with an SMSR of 37 dB, a linewidth of 450 kHz and is thermally tunable across 2.9 nm. In addition, the laser is suitable for onchip monolithic integration, as it can be implemented with or without a cleaved facet. Simulation results using the transmission matrix method (TMM) [25] [26] [27] show a good agreement between theoretical and experimental data in predicting the behavior of the laser.
Laser Design and Fabrication
The laser consists of three sections for: gain, internal mirror, and absorption. The sections are electrically isolated using two shallow slots with a 7-deg angle to minimize reflections. An illustration of the laser design is shown in Fig. 1 .
The gain section shown in Fig. 1 (red) is 600-μm long, and it is positioned between the mirror and a cleaved facet. The mirror section comprises 20, 25, or 30 deeply etched pits with a periodic spacing of 6 μm between the centers of the adjacent pits. The pits are deeply etched through the quantum wells, having one deep etch region extending over the pits. Similar to a shallow slot in an SFP laser, each pit produces a small reflection estimated at ∼1% to 2% which then creates multiple subcavities. The multiple adjacent pits then generate enough optical feedback to form a mirror. All variants of the laser worked well; however, the 30-pit version generated the highest output power as well as the highest SMSR.
Pits were used instead of slots in this work because, unlike slots, the pits do not require an accurate etch depth to control the reflection power and bandwidth as described in Ref. 28 . This eliminates the need for an etch stop with wet chemical etching to ensure consistency across the chip and over various fabrication runs. Moreover, avoiding the chemical etching eliminates the restriction on the cavity designs due the influence of crystal orientation on the chemical etching. 29, 30 Furthermore, unlike the slot, the pit is compatible with high index contrast ridge waveguide structures. 31, 32 More details about the pit characteristics and features and comparison with a slot can be found in previous work. 24 Finally, the last part of the laser consists of a waveguide section with an angled cleaved facet (blue). As shown in Fig. 1 , this part is labeled as absorber and it is mainly used as a light absorber while reverse biased. When unbiased, the angled facet can be used to collect light from the laser cavity. The angled facet significantly reduces the reflections from the semiconductor/air interface so it would not interfere with the main cavity. In this work, no high reflection or antireflection coatings were used.
Figure 2(a) shows a microscope image of the three-section laser and highlights the deep etch region surrounding the pits and the two isolation slots that divide the cavity into three electrically isolated sections. Figure 2 (b) shows a scanning electron microscope image of a slice of the pit mirror.
The wafer material used in the process is commercial multiple quantum wells (MQW) material grown on an ndoped InP substrate. The MQW region consists of 5 × 6 nm strained QWs separated by 10 × 6 nm barriers. Two etch depths were used in the process. The shallow depth stops at 30 nm above the active region with the depth of 1.79 μm, and it was used for the ridge and isolation slots. The deep etch goes through the active region to the n-doped layers reaching a depth of 2.9 μm and was used for the pits. A smooth side wall for both depths was realized using a CL 2 ∕CH 4 ∕H 2 inductively coupled plasma dry etch. The 2.5-μm-wide ridge side walls were passivated using 400-nm silicon dioxide. The 20:400 nm Ti:Au metal layer was e-beam evaporated for the p-metal contact. The substrate was then thinned to 100 μm using a bromine methanol solution. Finally, 20:250 nm Ti:Au was deposited for the n-contact on the back of the sample, which was then annealed at 380°C.
Results and Discussion
The laser was mounted on a temperature controlled brass chuck, and the light was collected from the straight cleaved facet via a lensed fiber. To characterize the laser performance, the light-intensity (L-I) curve of the laser was taken at various temperatures as shown in Fig. 3 .
The L-I curves in Fig. 3 show a typical threshold trend of semiconductor lasers, which cause the laser threshold current to rise exponentially with temperature. The threshold-temperature dependency is mainly due to the rise of intrinsic losses in the active region at higher temperatures, which decrease the laser internal efficiency. The plots were taken by injecting 20 mA in the mirror section and sweeping the gain from 0 to 100 mA. Moreover, in order to make sure that the mirror is solely providing optical feedback without the help of the second facet, the absorber section of the laser was reverse biased to −3 V to absorb all the residual light. The laser lased in a single mode with an SMSR of 37 dB and a linewidth of 450 kHz is shown in Fig. 4 . Figure 4 (a) shows the spectrum of the laser with peak wavelength at around 1535 nm with an SMSR of 37 dB. The inset in Fig. 4(a) is a close-up image of the single mode. Figure 4(b) shows the 900-kHz full width at half maximum of the measured electrical spectrum, which corresponds to a 450-kHz linewidth of the laser. The linewidth measurement was taken using a 50-km delayed self-heterodyne technique with a recirculating loop configuration and a resolution of <2 kHz. 33 Moreover, to further confirm the operation of the pit mirror, a fast Fourier transform (FFT) cavity analysis on the optical spectrum was performed. Figure 5(a) shows the cavity analysis based on the optical spectrum at lasing threshold [shown in Fig. 5(b) ]. The multiple peaks shown in Fig. 5(a) FFT represent the length of the subcavities created between the facet and each of the pits. No additional peaks can be seen at the full cavity length between the two facets at 1100 μm, proving that the absorbing section has fully isolated the cleaved angled facet from the lasing cavity. This confirms that the pit mirror can replace a cleaved facet and be used as a single-mode mirror for integration purposes as it is confirmed in Figs. 5(a) and 6. Figure 6 shows the overlap spectrum of the coherent outputs of the laser from the two facets. The red spectrum is taken from the straight facet A, and the blue spectrum is taken from the angled facet B. The power taken from the left facet B is lower due to the low coupling efficiency between the angled facet and the lensed fiber and also due to the optical loss in this unbiased absorber section. However, the main purpose of facet B is to demonstrate that the laser can be integrated with other photonics components. Although, the demonstrated high-order DBR in this work uses a single cleaved facet, this cleaved facet can be easily replaced by broadband reflector, such as multimode interference reflector, 34 or a metal-coated-etched facet. 35 By doing so, the laser could be freely positioned anywhere on the chip to be used as facetless laser. Moreover, using a reflector with higher reflectivity than a uncoated cleaved facet (≈30%) can potentially further improve the power efficiency and the linewidth of the laser. The single-mode output can be tuned across 2.9 nm by increasing injected current. The SMSR value is maintained above 30 dB over the tuning range. An overlap of the tuning spectrum is shown in Fig. 7 .
Transmission Matrix Method Simulations
The wavelength selective reflection of the mirror section was modeled using a TMM technique, as described previously. 25 Each pit was taken to be a scattering point and assumed to reflect 3% of intensity while inducing a 15% loss. The reflection from facet A was taken to be 30%. Facet B was presumed not to contribute to the reflection, as the reverse biased section prior to facet B absorbed all the light traveling to and from the facet. This claim is supported by the lack of a facet-to-facet resonance in Fig. 5(a) . The transmission matrices for each scattering section i were of the form E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 3 2 6 ; 7 3 0
The field inside the device propagates as e jβL , where L defines the propagation length and β is the propagation constant. The distance between the scattering points caused by the pits was taken to be 6.0 μm (the distance from the center of one pit to the next), with group index of the material assumed to be 3.45. The transmission matrices for the propagation sections were of the form E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 2 ; 3 2 6 ; 6 0 9
Taking products of T Scat and T Prop , the resonant wavelengths of the device were calculated numerically. In Fig. 8(a) , the resonance of the device is plotted on top of the measured spectrum. The positions of the lasing modes of the device were found to be accurately described by the transmission matrix model. At 1593 nm, the small rise of noise far from the gain peak is matched by the increase in reflection from the pit mirror section predicted by the model. Figure 8 (b) demonstrates how the lasing wavelength can be controlled by changing the spacing between the pits. The graph shows various pit spacing between 3 and 6 μm and the resulting resonant wavelengths.
Conclusion
A regrowth-free higher order DBR laser has been demonstrated. The laser does not require high-resolution photolithography and achieves single-mode operation via a compact 170-μm mirror based on 30 deeply etched pits.
The experimental results confirm that the laser is suitable for integration, and it can be fabricated using a single cleaved facet or as a facetless laser by replacing the cleaved facet with an integrated reflector. The single-mode output had 
